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We review the study of the charged Higgs and top quark associated production at the
LHC with the presence of an additional scalar doublet. Top quark spin effects are re-
lated to the Higgs fermion couplings through this process. The angular distributions
with respect to top quark spin turns out to be distinctive observables to study the Htb
interaction in different models.
PACS Nos.: 14.80.Cp,14.65.Ha,12.60.-i
1. Introduction
Gauge symmetry and electroweak spontaneous symmetry breaking (EWSB) are
two fundamentals of the Standard Model (SM) of particle physics. The discovery
of gauge bosons W and Z and further measurements established the gauge group
SU(3)C × SU(2)L × U(1)Y of the SM. While the mechanism of EWSB is imple-
mented by introducing one complex Higgs doublet Φ and then triggered by the
development of neutral component vacuum expectation value (VEV). Weak gauge
bosons and fermions get their masses in this way. In July 2012, a SM like Higgs boson
1
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with mass around 126 GeV has been discovered at the LHC by ATLAS and CMS
collaborations.1, 2 However, that introducing only one complex scalar doublet in the
SM is simply based on minimal principle. It is thus natural to consider scenarios
with additional complex scalars such as the two Higgs doublet model (2HDM).
Depending on Yukawa couplings between Higgs and fermions, 2HDMs are clas-
sified as different types.3, 4 From experimental aspects, flavour changing neutral
current (FCNC) should be highly suppressed at tree-level, which is realized by
Glashow-Iliopoulos-Maiani (GIM) mechanism in the SM. However, in 2HDMs with
extended Higgs sector, extra discrete symmetry Z2 is usually introduced to suppress
tree-level FCNC. After the spontaneous symmetry breaking, there are five physical
Higgs scalars, i.e., two neutral CP-even bosons h0 and H0, one neutral CP-odd bo-
son A, and two charged bosons H±. In such models with multiple neutral scalars,
the mixings between these components will make it difficult to disentangle the Higgs
properties. Hence, it is important to study the charged Higgs bosons, which might be
able to provide unambiguous signatures to distinguish from models with extended
Higgs sector.
Constraints on the charged Higgs boson in the 2HDM are given from both
collider and flavour experiments. One model-independent direct limit is from the
LEP experiments, which gives M > 78.6 GeV at 95% C.L. through exclusive decay
channels of H+ → cs¯ and H+ → τ+ν,5 where M represents the charged Higgs
mass. At hadron colliders, the approaches used to search for the charged Higgs are
different in the low mass region M < mt and in the large mass range M > mt.
When M < mt −mb, charged Higgs can be produced through the top quark decay
t→ H+b followed by decay modeH+ → τ¯ν. On the other hand, whenM > mt+mb,
the dominant production process through gluon bottom fusion gb→ tH−, followed
by dominant decay modes H− → tb¯ and H− → τ ν¯. The Tevatron constrains 2HDM
for a charged Higgs boson with the lower bound as ∼ 160 GeV.6–9 In addition, the
indirect flavour constraints can be extracted from B-meson decays since the charged
Higgs contributes to the FCNC process. In Type-II 2HDM, a lower limit on the
charged Higgs mass M > 316 GeV at 95% C.L. is obtained mainly from b → sγ
branching ratio measurement irrespective of the value of tanβ.10, 11 However, in
Type-III or general 2HDM the phases of the Yukawa couplings are free parameters
so that M is less constrained and can be as low as 100 GeV.12, 13 For more detailed
discussions on phenomenological constraints on charged Higgs, we refer to Ref. 14.
Along with the experimental search for the charged Higgs boson, there are
also extensive phenomenological studies on charged Higgs boson production at the
LHC.15–32 Especially, the gluon bottom fusion process gb → tH− for the charged
Higgs mass M > mt+mb shows a lot of interesting signatures due to the large cou-
plings ofHtb interaction.22, 25, 28–30, 32, 33 The next-to-leading order QCD corrections
to this process has also been performed in Ref. 34-37.
In this Letter, we revisit the process gb→ tH− at the LHC and take a method
similar to Ref. 38, 39 to optimize this signal from the SM backgrounds. As claimed in
Ref. 38, the angular distribution related to top quark spin is efficient to disentangle
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the chiral coupling of the W ′ boson to the SM fermions. The left-right asymmetry
induced by top quark spin for the process pp → tH− has been analyzed in Ref.
40, 41. Here we further investigate such a kind of effect after including the charged
Higgs and top quark decay, and we employ the angular distributions of the top
quark and the final state leptons to disentangle Htb couplings at LHC.
The following discussions are organized as follows. In Section 2., the correspond-
ing theoretical framework is briefly introduced. In Section 3, we perform the numer-
ical analysis of top quark and charged Higgs associated production process from the
gluon bottom fusion. Specifically, the correlated angular distributions of the final
state particles are investigated to identify the interaction of top-bottom quark and
charged Higgs. Finally, summary and discussions are given in Section 4.
2. Theoretical Framework
2.1. The Lagrangian and constraints on the model parameters
To begin with, we give a brief introduction to the two-Higgs-Doublet Models
(2HDMs), which is one of the minimal extensions of the SM. Different from the
SM with only one scalar doublet, two complex SU(2)L doublet scalar fields are
introduced in the 2HDMs, which can be written as
Φi =
(
H+i
(H0i + iA
0
i )/
√
2
)
, (1)
where i = 1, 2. Imposing CP invariance and U(1)EM gauge symmetry, the minimiza-
tion of potential gives
〈Φi〉 = 1√
2
(
0
vi
)
, (2)
with vi (i = 1, 2) is non-zero vev. After the spontaneous symmetry breaking, there
are five physical Higgs scalars, i.e., two neutral CP-even bosons h0 and H0, one
neutral CP-odd boson A, and two charged bosons H±. The ratio between the vets
of the two scalar doublets is defined as tanβ ≡ v2/v1, which determines the inter-
actions of the Higgs fields with the vector bosons and fermions. For simplicity, the
masses of these Higgs bosons are assumed to be degenerate.
Since phenomenologies from charged Higgs are possible to shed some lights on
the extended Higgs sector, in the following we aim to study the charged Higgs
signatures at the LHC in the framework of the Type II 2HDM Yukawa couplings,
− L = − cotβmu
v
u¯L(H + iA)uR + tanβ
md
v
d¯L(H − iA)dR
−
√
2 cotβ
mu
v
V †udd¯LH
−uR −
√
2 tanβ
md
v
Vudu¯LH
+dR + h.c.. (3)
The VEV of the SM Higgs is related as v =
√
v21 + v
2
2 . Following the Ref. 3, tb¯H
−
coupling can be written as
gH−tb¯ = ga + gbγ5. (4)
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versus tanβ.
Within the Type-II 2HDM,
ga,b = g(cotβmt ± tanβmb)/(2
√
2mW).
We can also define gL and gR
− L = gLt¯RbLH+ + gRt¯LbRH+ + h.c. (5)
=
(
gLt¯
1− γ5
2
b+ gRt¯
1 + γ5
2
b
)
H+ + h.c.
= t¯
(
gL + gR
2
+
gL − gR
2
)
bH+ + h.c.
= t¯ (ga + gb) bH
+ + h.c.
Behaviours of coupling constants gL, gR, ga and gb are shown versus tanβ in Fig. 1.
We can see that the value of gagb becomes minus around tanβ ≈ 7 ≈
√
mt
mb
, while
gagb > 0 corresponds to tanβ < 7, and gagb < 0 corresponds to tanβ > 7.
2.2. tH− associated production at the LHC
We begin to consider the following process of charged Higgs production, and the
Feynman diagrams are illustrated in Fig. 2.
g
b
b
t
H− b
t¯
g
b
t
t
H− b
t¯
Fig. 2. Feynman diagrams for gb→ tH− → tt¯b process.
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g(p1) + b(p2) → t(p3, st) +H−(p4)
→ t(p3, st) + b(p5) + t¯(p6, st¯), (6)
where pi is the four-momentum of the corresponding particle. st(st¯) is the top
(antitop) quark spin vector in 4-dimension with s2t = s
2
t¯
= −1 and p3 ·st = p6 ·st¯ = 0.
When the charged Higgs is produced on-shell , under the narrow width approx-
imation, we have
lim
Γ→0
1
(p24 −M2)2 + Γ2M2
−→ pi
ΓM
δ(p24 −M2), (7)
where Γ and M represent the charged Higgs boson decay width and mass, respec-
tively. The squared matrix element for the process (6) including top quark spin
information can be written as
|M(st, st¯)|2 = |Mgb→tH−(st)|2|MH−→bt¯(st¯)|2 ×
pi
ΓM
δ(p24 −M2),
where
|Mgb→tH− (st)|2 =
g2s
2Nc
{
A+ B1(p1 · st) + B2(p2 · st¯)
}
, (8)
and
|MH−→bt¯(st¯)|2 = (g2a + g2b )(M2 −m2b −m2t )− 2(g2a − g2b )mbmt
−4gagbmt(p5 · st¯). (9)
The expressions of A, B1 and B2 are
A = (g2a + g2b )A1 + mbmt(g2b − g2a)A2, (10)
with
A1 =
sˆ(p1 · p3)−m2b(4p1 · p3 + 3p2 · p3)
(sˆ−m2b)2
+
sˆ(p1 · p3) +m2t (sˆ− 2p2 · p3)
4(p1 · p3)2
− 1
2(p1 · p3)(sˆ−m2b)
{
m2t (sˆ− 2m2b)− 2(p1 · p3)m2b
+2(sˆ− 2p2 · p3)(p1 · p3 + p2 · p3)
}
, (11)
A2 =
(sˆ+ 2m2b)
(sˆ−m2b)2
+
m2t − p1 · p3
2(p1 · p3)2 −
2p1 · p3 + 4p2 · p3 − sˆ
2(p1 · p3)(sˆ−m2b)
, (12)
and
B1 = 2gagbmt[
4m2b − sˆ
(sˆ−m2b)2
+
2p2 · p3 − sˆ
4(p1 · p3)2 +
1
p1 · p3 −
p2 · p3
(p1 · p3)(sˆ−m2b)
], (13)
B2 = 2gagbmt[
3m2b
(sˆ−m2b)2
+
m2t − p1 · p3
2(p1 · p3)2
sˆ− p1 · p3 − 2p2 · p3
(p1 · p3)(sˆ−m2b)
]. (14)
The similar results can be obtained for the process gb¯→ t¯H+ → tt¯b¯ from the above
equations by using CP-invariance. We can see that the top quark spin effects are
related to the product of gagb while disappear for a pure scalar or pseudo-scalar
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charged Higgs boson. For pp→ tH− → tt¯b process, this feature can be reflected by
the following spin observable
< Ot >= 2 < St · aˆ >= σ(↑)− σ(↓)
σ(↑) + σ(↓) , (15)
where St is the top quark spin vector in its own rest frame, and the arrows on
the right-hand side refer to the spin state of the top quark corresponding to the
quantization unit axis aˆ. At the LHC, the helicity basis serves a better choice, i.e.,
aˆ = pˆ∗t with the 3-momentum unit vector pˆ
∗
t in the tH
− center-of-mass frame. We
can also define the spin observable of antitop quark in a similar way
< Ot¯ >= 2 < St¯ · bˆ >, (16)
where bˆ is the spin quantization axis corresponding to antitop quark. At the LHC,
we can choose bˆ = pˆ∗
t¯
with the 3-momentum unit vector pˆ∗
t¯
in the charged Higgs
rest frame.
For the polarized top quark decay
t(St)→ c(pc) +X,
where c represents a final state particle or jet and pc represents its four-momentum,
the corresponding differential distribution can be written as42
1
Γt
dΓt
d cosϑ
=
1
2
(1 + κc cosϑ) , (17)
where ϑ is the angle between the top quark spin vector and the direction of c in the
top quark rest frame. κc is the spin analysing power of the corresponding particle
or jet c. For the charged lepton from the semileptonic top quark decay within SM,
we have κl+ = 1 at the tree level.
3. Numerical Results and discussion
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Fig. 3. The cross section and number of events for signal process pp → tH− at centre of mass
energy 8 TeV LHC with luminosity 20fb−1 (left panel) and centre of mass energy 14 TeV LHC
with luminosity 300fb−1 (right panel).
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In Fig. 3, the total cross sections and number of events for pp→ tH− are shown
as a function of charged Higgs mass for tanβ = 1, 7, 10, 30, and 50 in 2HDM at the
LHC with 8 TeV and 14 TeV. With assumed integrated luminosity to be 20 fb−1
for 8 TeV and 300 fb−1 for 14 TeV, it is shown that there are significant number
of events for charged Higgs mass up to 1 TeV. Considering the decay modes of the
top quark, we investigate the processes
pp→ tH− → tt¯b → bl+ + bb¯jj + 6ET , (18)
pp→ tH− → tt¯b → bjj + bb¯l− + 6ET . (19)
In process (18), the top quark produced associated with H− decays semi-
leptonically, and the anti-top quark from charged Higgs decays hadronically, i.e.,
t→ bl+νl and t¯→ b¯jj. While in process (19), t→ bjj and t¯→ b¯l−ν¯l. The dominant
SM background process is from pp → tt¯j. To be more realistic, the simulation at
the detector is performed by smearing the energies of final state leptons and jets,
according to the assumption of the Gaussian resolution parameterization
For our signal process, one of the top quarks which decays hadronically can be
reconstructed from the final state three jets. However, to reconstruct another top
which decays leptonically, we have to utilize kinematical constraints to reconstruct
its four-momentum because of the missing energy from neutrinos. The transverse
momentum of neutrino can be obtained by momentum conservation from the ob-
served particles
pνT = −(plT +
5∑
j=1
pjT ), (20)
while its longitudinal momentum can not be determined in this way due to the
unknown boost of the partonic centre-of-mass system. Alternatively, it can be solved
with twofold ambiguity through the on-shell condition of the W boson
m2W = (pν + pl)
2. (21)
Furthermore one can remove the ambiguity through the reconstruction of the other
top quark. We thus evaluate the invariant mass for each possibility
M2jlν = (pl + pν + pj)
2, (22)
where j refers to the any one of the two left jets and pick up the solution which
is the closest to the top quark mass. With such a solution, we can reconstruct the
four-momentum of the neutrino and that of the left top quark.
Therefore, in the following numerical calculations, we apply the basic acceptance
cuts (cut I)
plT > 20 GeV, pjT > 20 GeV, 6ET > 20 GeV,
|ηl| < 2.5, |ηj | < 2.5, ∆Rjj(lj) > 0.4,
|Mjalν −mt| ≤ 30 GeV, |Mjbjcjd −mt| ≤ 30 GeV,
|Mjbjc −mW | < 10 GeV. (23)
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Fig. 4. The invariant mass distributions 1/σ(dσ/dMtb + dσ/dMt¯b). Mtb(Mt¯b) is the invariant
mass between the reconstructed top (antitop) and the remaining jet for the process of pp →
tH− → l+ + 5jets+ 6ET after cut I at LHC for (a) 8 TeV and (b) 14 TeV.
After smearing and including the cut, the events were fully reconstructed , we can
further reconstruct the invariant mass between the reconstructed top (antitop) and
the remaining jet. We display the distributions 1/σ(dσ/dMtb + dσ/dMt¯b) in Fig. 4,
where the resonance peaks are shown for different charged Higgs masses. According
to these resonance peaks we further employ a second cut (cut II)
• Cut II: |Mjjbjcjd −M | ≤ 10%M or |Mjjalν −M | ≤ 10%M .
Comparing our signal process with the dominant background process pp→ tt¯j, after
reconstructing the top and antitop quarks, the remaining jet is a b-jet for our signal
while it would probably be a light jet for the SM background process. Therefore,
we adopt the following cut ( cut III)
• Cut III: We demand the only remaining jet to be a b-jet.
The efficiency of b-tagging is assumed to be 60% while the miss-tagging efficiency of
a light jet as a b jet is taken to be transverse momentum dependent accordingly.43
The cross sections and number of events for the signal and background processes
(18) and (19) with different charged Higgs mass after each cut at the LHC run of 8
TeV with integrated luminosity as 20 fb−1 and 14 TeV with integrated luminosity
as 300 fb −1 are respectively listed in Table. 1. The dominant SM background is
pp → tt¯j → l± + 5jets+ 6ET process. At the LHC run of
√
s = 8 TeV, we can see
that it is difficult to detect such final states from tH± production when charged
Higgs mass is above 500 GeV. While with 300fb−1 integrated luminosity at 14 TeV,
the significance can also be above three sigma for the charged Higgs mass M ≤ 1
TeV. In the following, we will focus on the tH− production at
√
s = 14 TeV.
From Eqs. (8) and (9), we can see that the top quark spin effect is related to the
product of gagb. Using the same method as in Ref. 44 - 46, we find that this effect
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Table 1. The number of events of the signal process pp→ tH− → l±+5jets+ 6ET and the background
process of pp → tt¯j → l± + 5jets + 6ET at
√
s = 8 TeV(left) and 14 TeV (right) before and after each
cut.
Signal σ(pp→ tH− → tt¯b→ l± + 5jets+ 6ET )
M(TeV) 0.3 0.5 0.8 1.0
No cuts 903.6 172.4 20.4 6
Cut I 234.4 44 5 1.4
+Cut II 191.8 34.6 4 1
+Cut III 115.2 20.8 2.4 0.6
Background σ(pp→ tt¯j → l± + 5jets+ 6ET )
Cuts I+II+III 205 77 19.4 9.2
S/B 0.56 0.27 0.12 0.07
S/
√
S +B 6.43 2.10 0.51 0.19
Signal σ(pp→ tH− → tt¯b→ l± + 5jets+ 6ET )
M(TeV) 0.3 0.5 0.8 1.0
No cuts 78846 19788 3468 1284
Cut I 19737 4923 825 285
+Cut II 16236 3900 660 231
+Cut III 9741 2340 396 138
Background σ(pp→ tt¯j → l± + 5jets+ 6ET )
Cuts I+II+III 13062 5691 1785 966
S/B 0.75 0.41 0.22 0.14
S/
√
S + B 64.5 26.1 8.48 4.15
can be translated into the angular distributions of the charged lepton. According
to the (18) and (19), we obtain the angular distributions
1
σ
dσ
d cos θ∗
=
1
2
[1 + AFB cos θ
∗],
1
σ
dσ
d cos θ¯∗
=
1
2
[1 + A¯FB cos θ¯
∗], (24)
with
cos θ∗ = pˆ∗l+ · pˆ∗t , cos θ¯∗ = pˆ∗l− · pˆ∗t¯ , (25)
where pˆ∗
l+
is the 3-momentum unit vector of charged lepton in the top quark rest
frame, and pˆ∗
l−
is the 3-momentum unit vector of charged lepton in the antitop
quark rest frame. Without smearing effect and any acceptance cuts, AFB(A¯FB)
can be related to the top quark spin observables Ot(Ot¯), i.e.,
AFB = κc < Ot >= 2κc < St · pˆ∗t >, A¯FB = κc < Ot¯ >= 2κc < St¯ · pˆ∗t¯ > . (26)
Thus, for the charged lepton from semileptonic top quark decay, AFB =< Ot >
and A¯FB =< Ot¯ > before smearing effect and cuts.
According to Eq.(24), AFB and A¯FB can also be determined as follows
AFB =
σ(cos θ∗ > 0)− σ(cos θ∗ < 0)
σ(cos θ∗ > 0) + σ(cos θ∗ < 0)
, A¯FB =
σ(cos θ¯∗ > 0)− σ(cos θ¯∗ < 0)
σ(cos θ¯∗ > 0) + σ(cos θ¯∗ < 0)
.(27)
These observables are useful to discriminate Htb interactions from different models.
In the framework of Type II 2HDM, the form of the Yukawa coupling is determined
by only one free parameter tanβ. Combining the results of the tH− production
cross section together with the forward-backward asymmetry AFB and A¯FB, one
can subtract the information of tanβ related to the Htb coupling. Furthremore,
we extend our discussions in a general model where the Yukawa coupling of the
charged Higgs bosons to fermions is a free parameter so one can regard the scalar
and pseudo-scalar parts of the Yukawa coupling as completely independent and free
parameters. In the following, as an example, we choose tanβ = 30 and investigate
the charged lepton angular distributions for three different combinations of gagb:
• gagb > 0, e.g.,
ga = ±g(cotβmt + tanβmb)/(2
√
2mW),
gb = ±g(cotβmt − tanβmb)/(2
√
2mW).
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• gagb = 0, e.g.,
ga = 0, gb = g(cotβmt − tanβmb)/(2
√
2mW) or
ga = g(cotβmt + tanβmb)/(2
√
2mW), gb = 0.
• gagb < 0, e.g.,
ga = ±g(cotβmt + tanβmb)/(2
√
2mW),
gb = ∓g(cotβmt − tanβmb)/(2
√
2mW).
The predictions for AFB and A¯FB corresponding to gagb are listed in Table 2.
Because the cross section contribution from the s-channel(Fig.2(a)) decreases as the
charged Higgs mass increases, without kinematical cuts, the cos θ∗ distribution and
the AFB which are related to tH
− production also depend on M ; while the cos θ¯∗
distribution and the A¯FB which are related to the charged Higgs decay becomes
M independent. More specific results can be found in Ref 47. From our study,
after the acceptance cuts, the angular distribution with respect to cos θ∗(cos θ¯∗)
and AFB(A¯FB) is more helpful to investigate the Htb interaction for light(heavy)
charged Higgs production associated with top quark at the LHC.
Table 2. The forward-backward asymmetry AFB(A¯FB) for
pp → tH− → l+(l−) + 5jets + 6ET at LHC
√
s = 14 TeV before and after all
cuts.
AFB A¯FB
without cuts and smearing effect
M(TeV) 0.3 0.5 0.8 1.0 0.3 0.5 0.8 1.0
(gagb) > 0 0.124 0.075 0.023 -0.003 -0.173 -0.173 -0.172 -0.173
(gagb) = 0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
(gagb) < 0 -0.125 -0.076 -0.024 0.001 0.172 0.173 0.174 0.173
with cuts and smearing effect
(gagb) > 0 0.002 -0.015 -0.031 -0.041 -0.014 -0.050 -0.054 -0.061
(gagb) = 0 -0.028 -0.030 -0.033 -0.041 -0.022 0.007 0.006 -0.006
(gagb) < 0 -0.056 -0.048 -0.037 -0.040 -0.033 0.081 0.077 0.065
4. Summary
The observation of the charged Higgs is very important as an unambiguous signal
for the existence of new physics beyond SM. Therefore it is necessary to study the
related phenomena both theoretically and experimentally. In this letter, we study
the determination of charged Higgs coupling of the tH− associated production via
pp → tH− → tt¯b → l± + bbb¯jj + 6ET process at LHC. We find that with 300
fb−1 integral luminosity at
√
s = 14 TeV, the signal can be distinguished from the
backgrounds for the charged Higgs mass up to 1 TeV or even larger. If the tH−
production is observed at the LHC, one of the following questions is to identify
the Htb interaction. For this purpose, we study the angular distributions of the
charged leptons and the corresponding forward-backward asymmetry induced by
top quark spin. It is found that these distributions and observables are sensitive to
the product of gagb, so that they can be used to identify the Htb interaction. The
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Htb interaction can be discriminated with the help of the charged lepton angular
distribution and the forward-backward asymmetry in the charged Higgs and top
quark associated production at the LHC. Similar methods have also been proposed
using such observables related to the top quark .48, 49 These analyses are helpful to
distinguish the Htb interaction in the 2HDM or other new physics models with the
presence of the charged Higgs.
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